The effects of dopamine antagonists on the extracellularly recorded activity of ON-and OFF-center brisk ganglion cells and ON-OFF directionally selective ganglion cells in the rabbit retina were investigated. Haloperidol, fluphenazine, and cis-flupenthixol, infused in the arterial system supplying the eye, produced similar effects. In general, these drugs reduced the antagonistic surround responses of brisk ganglion cells, reduced the sustained excitation of the center response of ON-center brisk-sustained cells, reduced the leading edge response of ON-OFF directionally selective cells to moving light stimuli along with any sustained excitation to stationary light stimuli, and affected the spontaneous activity of the cells. These drug effects appear to be due to a blockade of D-l (adenylate cyclase-linked)
Abstract
The effects of dopamine antagonists on the extracellularly recorded activity of ON-and OFF-center brisk ganglion cells and ON-OFF directionally selective ganglion cells in the rabbit retina were investigated. Haloperidol, fluphenazine, and cis-flupenthixol, infused in the arterial system supplying the eye, produced similar effects. In general, these drugs reduced the antagonistic surround responses of brisk ganglion cells, reduced the sustained excitation of the center response of ON-center brisk-sustained cells, reduced the leading edge response of ON-OFF directionally selective cells to moving light stimuli along with any sustained excitation to stationary light stimuli, and affected the spontaneous activity of the cells. These drug effects appear to be due to a blockade of D-l (adenylate cyclase-linked)
receptors and not to D-2 receptors. Neither S-sulpiride nor metoclopramide, two specific D-2 antagonists, had much effect. The findings are the first to describe the functional effects of dopamine antagonists on single cells in the mammalian retina and on ganglion cell activity in the vertebrate retina.
Dopamine
is the principal catecholamine of the vertebrate retina. In the rabbit, cat, and cynomolgus monkey, dopamine is confined to a class of amacrine cell which makes contact only with other amacrine cells in the inner plexiform layer (IPL) (Dowling and Ehinger, 1978b; Holmgren, 1982; Holmgren-Taylor, 1982; Pourcho, 1982) . Dopaminergic neurons in the goldfish and Cebus monkey, in addition to contacting only other amacrine cells in the IPL, send processes to the outer plexiform layer to contact both horizontal cells and bipolar cells (Dowling and Ehinger, 1978a; Dowling et al., 1980) . Dopamine receptors, linked to the enzyme adenylate cyclase, have been found in all vertebrate retinas examined (Brown and Makman, 1973; Bucher and Schorderet, 1975; Watling et al., 1979) . According to the classification of Kebabian and Calne (1979) , these are D-l receptors. In addition to these receptors, D-2 receptors (not linked to adenylate cyclase) have also been described in retinas of several species (Watling and Iversen, 1981; Makman et al., 1982; Ventura et al., 1984) , including rabbit (Dubocovich and Weiner, 1981) .
Studies using single-cell recordings to examine the functional role of the neurotransmitter dopamine in the vertebrate retina have focused primarily on the effects of exogenous dopamine. In the fish retina, dopamine has been shown to decrease the surround responses of bipolar cells (Hedden and Dowling, 1978) , to depolarize transient amacrine cells without changing their response much (Hedden and Dowling, 1978) , and to decrease the size of the receptive fields of horizontal cells ( Negishi and Drujan, 1979; Laufer et al., 1981; Teranishi et al., 1984) . This latter effect has also been described in the turtle retina (Neyton et al., 1982) . In the isolated rabbit retina, Ames and Pollen (1969) found that dopamine increases the spontaneous activity of OFF-center ganglion cells and decreases the spontaneous and light-evoked responses of ON-center ganglion cells and ON-OFF ganglion cells. In the cat retina, Straschill and Perwein (1975) and , recently, Thier and Alder (1984) have found that iontophoretically applied dopamine decreases the spontaneous activity and light-evoked responses of all ganglion cells regardless of cell type. Thier and Alder (1984) have reported, in addition, that dopamine shifts the center-surround balance of receptive fields of ganglion cells in favor of the center.
The present. in vivo study on the rabbit retina was performed to study the effects of dopamine antagonists on ganglion cell recordings--to observe what happens to the receptive field properties of ganglion cells when dopaminergic transmission within the retina is blocked. In this paper we show that dopamine antagonists produce a marked shift in the center-surround balance of brisk ganglion cells in favor of the center. In addition, we observed a dramatic effect that has not been reported in any other retina: dopamine antagonists change the sustained ON response found in some ON-center ganglion cells and ON-OFF directionally selective cells into a sustained inhibition. A preliminary account of portions of this work has been given previously (Jensen and Daw, 1983) .
Materials and Methods
The results are based on recordings from 45 adult pigmented rabbits, weighing 2.5 to 3.5 kg. The drug effects reported here, though, were similar under the two conditions.
The surgery and preparation of the animal were similar to those described previously (Caldwell and Daw, 1978; Ariel and Daw, 1982 (Sigma Chemical Co.) were dissolved in saline at 10 mg/ml. S-Sulpiride (Ravizza S.P.A.) was dissolved in saline (pH adjusted to 4.0 to 4.5 with citric acid) at 10 mg/ml. Drugs were infused intra-arterially, usually at the same rate at which picrotoxin (2 mg/ml) abolished the directionality of a directionally selective cell (see Caldwell et al., 1978) . This rate of infusion varied between 0.1 and 0.5 ml/min for each animal. At the lower rates of infusion, with a blood flow in the artery calculated to be 10 ml/min, the drugs were diluted 100.fold. With a loo-fold dilution, the intra-arterial concentrations of the drugs would be 100 to 300 pM. The duration of drug infusions was from 3 to 5 min.
Results
The following results were obtained from brisk ganglion cells and ON-OFF directionally selective ganglion cells. The effects on other ganglion cell types (i.e., W cells) are not described here since only a limited number of these cells have been sampled so far due to difficulty in holding these cells upon infusion of a dopamine antagonist.
The X/Y classification of brisk ganglion cells (commonly used in cat retinal studies) was not used here since the contrast reversing bipartite field used by Caldwell and Daw (1978) to determine whether a cell was X-type (gave a "null" response) or Y-type (gave a "frequency doubling " Figure 1 . Haloperidol reduced the spontaneous activity and the small sustained discharge upon illumination of the receptive field center. The OFF response to a small spot of light was also reduced. Of particular significance was the effect on the lightevoked response to an annulus of light. Haloperidol reduced the surround ON response to the annulus of light and produced an OFF response to the same annular stimulus. The appearance or potentiation of an OFF response to an annulus of light was seen for 83% (15 of 18) of OFF-center brisk cells tested. On three occasions haloperidol abolished the surround ON response completely. This is illustrated for one cell in Figure 2 . Here both the spontaneous activity and the ON response to an annulus of light were eliminated after infusion of haloperidol. The OFF response to a large spot of light increased slightly, whereas the OFF response to an annulus of light increased dramatically.
Note also that the OFF response to a small spot of light became more transient.
Under our experimental conditions, haloperidol was 2 to 3 times more potent than either cis-flupenthixol or fluphenazine. This is interesting since experiments utilizing intact carp retinal pieces (Dowling and Watling, 1981) show haloperidol to be more effective in antagonizing dopamine-induced CAMP production than either fluphenazine or cis-flupenthixol.
In homogenates of carp retina, fluphenazine and cis-flupenthixol are more potent than haloperidol (Watling and Dowling, 1981) . Although the effects of dopamine antagonists began during infusion or shortly afterwards, the maximal effects usually occurred 5 to I5 min after the end of infusion (see Fig. 3 ). Recovery from the effects of the dopamine antagonists took 1 to 3 hr, sometimes longer. The GABA antagonist picrotoxin, in contrast, when infused into the blood supply under similar conditions, exhibited its maximal effects during infusion or 1 to 2 min afterwards, with the effects being virtually absent about 20 min later (Caldwell et al., 1978; R. Jensen and N. Daw, unpublished observations). In a few cases, before a cell had recovered from an infusion of a dopamine antagonist, a second infusion was done. In all cases the second infusion potentiated the effects of the first infusion. Figure 4 illustrates the effect of cis-flupenthixol on an annular (surround) response of an OFF-center brisk cell following two separate infusions of the antagonist. The first infusion of cis-flupenthixol reduced the transient ON response and accentuated the OFF response to the annulus of light. Before the cell had recovered, cis-flupenthixol was infused a second time. Both the transient and sustained components of the surround ON response were reduced, while the OFF response remained essentially unchanged. The results from this and other cells show that the effects of dopamine antagonists were dose dependent.
A distinct subclass of brisk ganglion cell are the fast movement-selective large field units (Vaney et al., 1981) as originally described by Barlow et al. (1964) . Fifteen of the 27 OFF-center brisk cells sampled were large field units. The effects of dopamine antagonists on these cells were similar to the effects observed for other OFF-center brisk cells; spontaneous activity decreased and the center-surround balance shifted in favor of the center (see Fig. 5 ). Note in Figure 5 that, with an annulus of light, an OFF response now appears along with the transient ON response. Unlike other OFF-center brisk cells, large field units gave vigorous ON-OFF responses to large spots of light. As illustrated for the cell in Figure 5 , the surround ON response to a large spot of light was abolished after infusion of haloperidol. This lack of an ON response to a large spot of light after The effects of haloperidol on one ON-center brisk-transient cell are illustrated in Figure 6 . This cell, which gave only a surround OFF response to an annulus of light, gave an ON-OFF response after infusion of haloperidol.
The surround OFF response was markedly attenuated in addition to being delayed 160 msec. Delays of at least 80 to 100 msec in the surround OFF responses of ON-center brisk-transient cells were common. No delays in the ON responses of these cells were noted. As illustrated for the cell in Figure 6 , the center ON responses of ON-center brisk-transient cells to spots of light were frequently prolonged, i.e., less transient. Spontaneous activity of ON-center brisk-transient cells, unlike OFFcenter brisk cells, in general increased after infusion of a dopamine antagonist.
It was not uncommon, however, to see the spontaneous activity return to, or below, control value while the effects on the light-evoked responses remained essentially unchanged.
ON-center brisk-sustained cells (N = 6) showed, following infusion of haloperidol, a reduction in their sustained ON activity to spots of light. For three ON-center brisk-sustained cells the sustained excitation to spots of light actually turned into sustained inhibition (see Fig. 7 ). It appears that this sustained inhibition was originating within the center of the receptive field. Small spots of light were more effective in inhibiting the cells than were large spots of light. Furthermore, stimulation of the receptive field surround of the three ONcenter brisk-sustained cells with an annulus of light did not increase the sustained inhibition.
In fact, there appeared to be less inhibition with an annulus of light (see Figs. 7 and 8 ). For the cell illustrated in Figure 7 , an annulus of light produced an ON response where there was not one previously. It appears, therefore, that the antagonistic surrounds of these cells were reduced. The surround OFF responses of the ON-center brisksustained cells, in contrast to ON-center brisk-transient cells, were not markedly delayed. For one-half (3 of 6) of the cells the OFF responses were delayed only about 20 msec (1 bin).
No delay in the ON responses was detected. The effect of haloperidol on the spontaneous activity of ON-center brisksustained cells was to increase it (at least initially).
The spontaneous activity (measured from a 30-set interval) for the cell in Figure 7 increased from 14.7 spikes/set to 23.8 spikes/set after infusion of haloperidol and then slowly decreased to 14.5 spikes/set at the time the drug records were taken 75 min later.
Although dopamine antagonists had a differential effect on the spontaneous activity of OFF-and ON-center brisk cells, they had a common effect in reducing the antagonistic surround influence of these cells (see Table I ).
ON-OFF directionally selective cells. The effect of haloperidol on ON-OFF directionally selective cells (N = 8) to a moving light stimulus was to reduce the leading edge response while either not affecting or increasing slightly the trailing edge response (see Fig. 9 ). The leading edge response was abolished completely for two directionally selective cells (not shown). The retention of directional selectivity of these cells suggests that the underlying mechanism does not depend upon an interaction between the ON and OFF pathways to these cells.
One-half (4 of 8) of the directionally selective cells gave a small sustained excitation to a small spot of light centered on their receptive fields. The effect of haloperidol on these cells was similar to that observed for ON-center brisk-sustained cells. Haloperidol converted any sustained excitation to sustained inhibition while sparing the transient ON component of the response (Fig. 10) . The transient ON response for the cell of Figure 10 actually increased for both small and large spots of light. The spontaneous activity of directionally selective cells was not affected much, and only two of the eight cells showed any delay in their response latencies to spots of light. For these two cells the OFF responses were delayed approximately 20 msec (1 bin).
Effects of D-2 antagonists. In addition to dopamine receptors linked to adenylate cyclase (D-l receptors), D-2 receptors (not linked to adenylate cyclase) are present in the rabbit retina where they are postulated to function as presynaptic autoreceptors (Dubocovich and Weiner, 1981) . The substituted benzamides metoclopramide and S-sulpiride are reported to act selectively at D-2 receptors (Kebabian and Calne, 1979) . SSulpiride has been shown in the rabbit retina to be 10 times more potent than fluphenazine and at least 1000 times more potent than cis-flupenthixol at the D-2 receptors (Dubocovich and Weiner, 1981) . At the D-l receptors in the rabbit retina, sulpiride (100 PM) has been shown to have no antagonistic activity (Magistretti and Schorderet, 1978) . We found that metoclopramide had no significant effect on the activity of three recorded cells (OFF-center large field unit and two ON-OFF directionally selective cells), whereas S-sulpiride did reduce the spontaneous activity of two OFF-center brisk cells. For one of these cells the light-evoked responses were also reduced (Fig. 11) . For two other cells (OFF-center large field unit and ON-center brisk-sustained cell), S-sulpiride had no apparent effect. The inability of either S-sulpiride or metoclopramide to alter the light-evoked responses of ganglion cells in a manner similar to those of the other dopamine antagonists suggests that the drug effects we have observed in this study are due to a blockade of D-l receptors rather than D-2 receptors.
Discussion
In the rabbit, dopamine is confined to a class of amacrine cell which makes contact only with other amacrine cells in the IPL (Dowling and Ehinger, 1978b; Holmgren-Taylor 1982) . Therefore, the drug effects reported here are presumably mediated via amacrine cells which in turn directly or indirectly influence ganglion cell activity. In the rabbit retina (Bauer et al., 1980) , as well as in other vertebrate retinas (Kramer, 1971;  Small spot Jensen and Daw Vol. 4, No. 12, Dec. 1984 Large spot Vol. 4, No. 12, Dec. 1984 Dowling and Watling, 1981; Reading, 1983) , dopamine is released by light stimulation.
Control
The finding in our experiments that spontaneous activity of ganglion cells could be affected by dopamine antagonists suggests that there is a continuous dopamine release in the light-adapted rabbit retina. Whereas OFF-center brisk ganglion cells showed a decrease in spontaneous activity after infusion of a dopamine antagonist, ONcenter brisk ganglion cells, in general, showed an increase in spontaneous activity. This differential effect on spontaneous activity of OFF-and ON-center brisk ganglion cells is presumably a reflection of the indirect site of action of the dopamine antagonists.
A common effect of dopamine antagonists on the centersurround organization of brisk ganglion cells was the reduction in the antagonistic surrounds (see Table I ). The fact that the antagonistic surround responses could be markedly reduced and even abolished with dopamine antagonists suggests that the center-surround balance of these cells is under tight dopaminergic regulation.
In the cat retina, the center-surround organization of ganglion cells undergoes a change with light/ dark adaptation such that the discharge from the receptive field surround diminishes considerably with dark adaptation (Barlow et al., 1957; Enroth-Cugell and Lennie, 1975; Barlow and Levick, 1976) . This phenomenon appears not to be associated with the transition from cone to rod function but occurs through some other mechanism (Barlow et al., 1957) . The dramatic effects we have found of dopamine antagonists on the surround responses of brisk ganglion cells in the light-adapted state combined with the evidence that dopaminergic neurons are less active in the dark (DaPrada, 1977; Iuvone et al., 1978; Pro11 and Morgan, 1982; Parkinson and Rando, 1983) suggest that the neurotransmitter dopamine may play an important role in this change in center-surround organization with dark adaptation. Anatomically, dopaminergic neurons in the retina have very large dendritic fields (Ehinger, 1983; Brecha et al., 1984) , making them well suited for such a role which might require integrating signals over a vast area. The dramatic effect of dopamine antagonists on the sustained ON responses of ON-center brisk-sustained cells and ON-OFF directionally selective cells was surprising.
The sustained excitation upon illumination of the receptive field centers decreased and, in many cases, converted to sustained inhibition. This finding is difficult, at present, to relate to any possible functional role of dopamine in the retina. However, a possible anatomical pathway mediating such an effect may be worth comment. In the cat retina, as in the rabbit retina, dopaminergic neurons stratify primarily in the outer portion of the IPL (Ehinger, 1983) , where OFF-center ganglion cells but not ONcenter ganglion cells send their dendritic processes (Famiglietti and Kolb, 1976; Nelson et al., 1978; Bloomfield and Miller, 1981; Amthor et al., 1982) . A pathway interconnecting dopaminergic amacrine cells with the receptive field centers of ONcenter ganglion cells has been described in the cat retina. Pourcho (1982) demonstrated anatomically that dopaminergic amacrine cells of the cat retina provide extensive synaptic input to type AI1 amacrine cells. These latter amacrine cells, which receive predominantly rod input, form large gap junctions with a particular class of depolarizing cone bipolar cell in the inner portion of the IPL (Nelson and Kolb, 1983) . It is believed that these cone bipolar cells provide a major, excitatory input to ON-center brisk-sustained (X-type) ganglion cells (Sterling, 1983) . Theoretically, dopamine antagonists acting via AI1 amacrine cells could alter the center, sustained excitatory input to ON-center brisk-sustained ganglion cells (and presumably also to ON-OFF directionally selective cells). At present, whatever the mechanism underlying the decrease in sustained excitation upon illumination of the receptive field centers of ON-center brisk-sustained cells and ON-OFF directionally selective cells in the rabbit retina, these two cell types appear to share an ON pathway within the IPL. Thier and Alder (1984) have recently reported that both the center and surround responses of ganglion cells decrease upon application of dopamine to the cat retina. Preliminary data obtained by us from recordings of OFF-center brisk ganglion cells in the isolated, perfused rabbit eyecup preparation suggest that exogenous dopamine decreases both the center and surround responses there also (unpublished observations). However, Thier and Alder (1984) suggest that the surround mechanism is more heavily affected by dopamine than is the center and concluded that dopamine causes a shift in the centersurround balance of ganglion cells in favor of the center. This finding appears to be in contradiction with our results on the effects of dopamine antagonists on rabbit ganglion cells. We believe that this difference between their results and ours is probably due to methodological rather than species differences. First, they used iontophoresis, whereas we perfused the entire retina, and the effects of iontophoretically applied drugs are believed to decrease with distance from the tip of the electrode. Second, the effects of dopamine applied to the retina are not necessarily predicted from the effects of dopamine antagonists. Exogenously applied dopamine may not mimic the actions of endogenous dopamine release, which is likely to be temporally and spatially modulated by light stimuli. To evaluate the functional role of dopamine released in the retina in response to light stimuli, we believe that (I) one should use a dopamine antagonist rather than dopamine itself, and (2) one should apply the antagonist so that it reaches all parts of the receptive field uniformly.
We suggest, therefore, that the best evidence is that naturally released dopamine in the light-adapted retina acts to maintain the antagonistic surround responses of ganglion cells.
A real species difference between cat and rabbit may exist with respect to the effect of dopamine on the spontaneous activity of OFF-center ganglion cells. Thier and Alder (1984) found, as did Straschill and Perwein (1975) , that dopamine decreases the spontaneous activity of OFF-center ganglion cells whereas, from recordings from OFF-center ganglion cells in the rabbit retina in vitro, Ames and Pollen (1969) and we (unpublished observations) have found that dopamine increases spontaneous activity.
In summary, the results from our studies on the effects of dopamine antagonists on ganglion cell recordings suggest that dopaminergic neurons within the retina play a prominent role in the formation of the center-surround organization of ganglion cells and, possibly, in the control of the state of adaptation of ganglion cells in the retina. the rabbit retina. Ablrecht
